Modifications of material surface properties due to interactions with ambient atomic oxygen have been observed on surfaces facing the orbital direction in low earth orbits. Some effects are very damaging to surface optical properties while some are more subtle and even beneficial. Most combustible materials are heavily etched, and some coatings, such as silver and osmium, are seriously degraded or removed as volatile oxides. The growth of oxide films on metals and semiconductors considered stable in dry air was measured.
Introduction
Optical systems are operated in space with increasing frequency for making astronomical, atmospheric and earth observations. While there are distinct advantages to observations from space, special problems unrelated to ground-based experience can arise. 1 One such problem is encountered in low earth orbits (200-600 km) where oxygen atoms that dominate the atmospheric composition and high orbital velocity can degrade surfaces. The atoms result from dissociation of oxygen molecules by solar UV, and recombination is slow due to a scarcity of three-body collisions. The oxygen atom number density varies not only with altitude and latitude but with sunspot activity and other parameters. Fluxes of atoms to surfaces are either calculated using models based on previous direct measurements (e.g., mass spectrometer and incoherent scatter or MSIS data), 2 on drag measurements, 3 or on direct measurement made on the individual flight. A typical density at 300-km altitude and at 300 latitude and with mean annual and mean solar-cycle conditions is N = 109 atoms cm- 3 . The flux to surfaces facing the orbital direction is given by j = Nv, where v = 8 X 105 cm so1 producing a flux of -8 X 1014 atoms cm-2 s51.
Since little activation energy is required 4 for the oxygen atoms to react with most combustible surfaces, are typically produced. Although few combustible materials are likely to be used for optical surfaces, supporting structures of a combustible nature may be inadvertently chosen, and recognition of potential problems from poor choices of materials is pertinent.
The removal of combustible material by active oxygen is not a completely negative effect. Numerous related processes have been used to clean surfaces (discharges in air prior to coating optics, an active oxygen cleaning technique studied for NASA, 5 plasma ashers used in the semiconductor industry for removing photoresist, etc.), and it has been proposed that the oxygen atom source in orbit can be used to clean combustible contaminants from surfaces, which it appears to do. Oxygen atoms do not effectively remove silicones. This can be unfortunate in the case of contamination or fortunate if this protection is desired.
Metallic coatings have wide applications to mirror and grating surfaces and in a variety of thermal control systems. Alterations of reflection, scattering, and transmission properties are of great importance in the design of instruments and spacecraft for long-term performance in low earth orbit. Effects on metal surfaces which were examined included loss of metal by physical or chemical action and buildup of the protective oxide layer already present on most metals exposed to air.
Many of the effects observed for atomic oxygen interacting with spacecraft surfaces were predicted by Gregory with an optical heterodyne instrument using recent tions from the same measurement.
Estimates of metallic film thicknesses in exposed and unexposed areas were calculated from the optical density measurements using equations for transmisatom interaction experiments 8 -16 have been flown on sion and reflection.l 8 Published optical constants for recent Shuttle flights. metals 18 1 9 were used for calculations except for noted cases, such as for niobium, where a value of 28-nm
Experimental Approach and Exposure Parameters
thickness per unit optical density change had been Surfaces of various samples were exposed in the accurately determined for our sputtered niobium orbital direction as part of The University of Alabama films. Air, metal, and fused silica substrate media in Huntsville module of the oxygen interaction with were assumed. This neglected the effect of very thin materials experiment (EOIM-2) which flew on Shuttle transparent oxides on absorption and reflection for flight STS-8 in Sept. 1983. 4 normal incidence on these samples. Neglecting such Approximately 95% of the total atom fluence of -3.5 effects on metals forming thick oxides, such as for X 1020 oxygen atoms cm-2 was produced while surfaces silver, would introduce unacceptable errors, however.
were oriented within 10 of the orbital direction. ExpoOsmium and iridium films were purchased, the platsure parameters are shown in Table I. inum overcoatings on the osmium were electron-beam The surfaces studied were of two types: high-purity evaporated, and most of the other films were sputthin films sputtered or evaporated onto 2.54-cm diam tered. X/20 fused silica optical flats, and highly polished bulk Sensitive step height measurements on the bulk samples. Films were prepared with optical densities samples shown in Table III were obtained with the of -2.5 or less, as listed in Table II . Measurement of diamond stylus. Most of the bulk sample surfaces had optical densities using a Perkin-Elmer PDS scanning 10-nm arithmetic roughness and were not very flat. In microdensitometer allowed sensitive determination of most cases this lack of precision for bulk sample meaany changes to these thin films produced by the exposurements was unimportant since large effects were sure. By masking one-half of each sample during produced.
Step height determination was enhanced flight as a control it was possible to measure changes in on most bulk samples by sputtering a protective niobioptical density of -0.01, corresponding to a few perum film -220 nm thick in a resolution pattern of small cent change in thickness of -10-nm thick films. (No rectangles spaced over the whole sample surface before increase in scattering was assumed, since most films mounting for flight. Although both knife-edges and became smoother; changes in reflection due to very film masks were used, much sharper steps were obsmall oxide thickness increases were also neglected.) tained with films than with mask knife-edges, because In several cases the sensitivity of the method was 1 intimate contact between substrate and film mask was monolayer of surface atoms. Total film thicknesses assured, and effects due to shadowing of areas of the were accurately measured by step height changes in substrate next to taller mask structures did not occur. stylus traces of the film/substrate surfaces using a Accurate niobium mask thicknesses were obtained in Tencor Alpha-Step 200 stylus profilometer with a the unexposed areas and subtracted from the step nominal 2-ptm radius diamond stylus. Decreases in heights in the exposed areas. Typically, large negative both the optical density and total film thickness were steps were produced on combustible materials by oxyattributed to metal film removal. A decrease in optigen exposure; however, in the case of silver, a large cal density but an increase in total film thickness was expansion occurred. attributed to film expansion due to formation of a
The polycarbonate (CR-39) and polymethyl methnonvolatile oxide of lower density than the original acrylate (Lucite) bulk plastics were cut into disks and film. To obtain optimum resolution of step heights cleaned with ethanol. The other bulk materials in from stylus measurements, fine lines were scraped to Table III , except for the diamond sample, were ground the bare substrates, except for the niobium and nickel and polished reasonably flat with progressively finer films, which could not be removed without damaging abrasives (aluminum oxide or diamond) to -10-nm 
a)
I . Thin films of optical quality are typically converted to transparent oxide with the film thickness expanding greatly (-55%). Results on bulk silver seem to vary. Beautiful interference colors are observed for the thin oxides. Thick oxide formations appear to create stress levels which produce buckling or scaling which limit, or modify, further oxidation. The oxide is not too stable. The oxide apparently has a high index of refraction, but attempts to measure its optical properties by ellipsometry have given very poor inconsistent results possibly due to inhomogeneities or instability effects. Etched -1100 nm; polycrystalline structure made visible by slight preferential etching. No measurable effect. Visual discoloration, ellipsometer indicated 159-nm film with index of 1.53; stylus gave no distinguishable step; one form of GeO 2 (tetra) has a density of 6.239 g/cm 3 , which exceeds the density of Ge.
Polished OFHC copper disk exhibited a very slight surface discoloration estimated to be -3.5 nm thick from step measurements.
Effects are temperature dependent. Temperatures were ambient for listed materials.
arithmetic roughness and cleaned with strong solvents followed with alcohol.
Ill. Results
Effects on silver, osmium, and carbon thin film coat- interference filters of low optical density that reverted to higher optical density after exposure. The Ag 2 O is slightly unstable, especially under the beam of a scanning electron microscope. Outer surfaces initially de-. veloped a thin metallic appearance but became dark brownish with time. We have not investigated the effects of substrates, protective gas, and cold storage conditions, which should reduce changes in the Ag 2 O, but under typical laboratory conditions the exposed silver samples should be investigated within a month of exposure to limit changes in optical density to appreciably <10%. Even with the instability problems we have found silver films useful for atomic oxygen sensors because of their high reaction efficiency. Other stable oxide films do not experience this problem. Thick silver platings and bulk silver samples formed interference films for low exposure, but continued reaction produced such large expansions of the silver lattice (i.e., -55% increase of the Ag-Ag spacing) that major topographic changes occurred. This expansion was very pronounced for a bulk sample heated to -373 K, resulting in elevation of the exposed silver oxide surface to 2200 nm above the unexposed silver surface.
Such expansions in thick samples caused considerable stresses in the exposed areas, and debonding and sometimes flaking from the parent silver have occurred. 9 Debonding from the silver apparently limited further reaction at the interface. Various silver samples behaved differently, partly as a result of their responses to such stresses, making it more difficult to specify what reaction kinetics to expect for arbitrary silver surfaces. Coating silver films with gold of >10-nm thickness provided considerable protection, but a slight discoloration and an optical density decrease still occurred in the exposed area. Similar exposure of a 35.5-nm thick gold film over a niobium interface film did not produce permanent discoloration or other effects. Osmium films have been shown to disappear rapidly during orbital exposure presumably due to formation of volatile OSO 4 ; however, the superior properties of osmium for vacuum UV optics justify continued attempts to use it. An attempt was made to protect osmium films from erosion with an overcoating of platinum thin enough to permit the optimum XUV reflecting properties of the thicker osmium film to dominate the thin overcoating. The results in Table II indicated that osmium was not protected by a 6-nm Pt film and escaped as volatile oxide through gaps in the Pt film, reducing the film thickness by 12 nm and increasing the roughness by a factor of 5. Deposition of very thin films sometimes results in incomplete coverage (island formation etc.). Poor UV reflectance measurements on both the unexposed as well as exposed areas suggested poor quality coatings for the 6-nm platinum over osmium. Attempts to improve thinner overcoatings should be made before concluding thinner films are definitely nonprotective.
A film of 10 nm of Pt provided almost complete protection. The very small optical density decrease in the exposed area indicated a thickness change, but no step was measurable with the stylus to -1 nm. Vacuum UV measurements and calculated properties are listed for this sample in Table  IV with other details in Table II . Thinner overcoatings are needed to take advantage of the osmium properties at much shorter wavelengths.
Sample As shown in Fig. 3 , differential etching was observed on crystallites of a bulk osmium sample producing results commonly observed after acid etching used in metallographic studies, and similar effects on other materials have been observed with sputtering. 2 1 As shown in Table III , over 1 ,4m of osmium was removed from the ambient temperature sample, and increased etch rates were observed at higher temperatures. 4 If the desorbed species were OSO4, the overall efficiency for the reaction was -8% in terms of osmium atoms lost for each four incident oxygen atoms. Platinum was not flown as a separate film, but it does not appear to be affected by the atomic oxygen exposure. The iridium sample apparently lost some atoms since formation of known solid oxides 2 2 should have produced an increase in thickness based on reported mass densities. 2 3 Sputtering is not considered a likely mechanism based on our measurements of gold (see Sec. IV). Formation of IrO 4 has been reported but not substantiated, 2 2 and it is postulated that it formed and evaporated in orbit. This process, which has not been observed before for iridium, is much less efficient than that for osmium. Gold showed no permanent effects except for more particulates in the exposed area. Al, Ni, and W showed minor decreases in optical density and increased film thickness ascribed to growth of the oxide layer. Calculated thicknesses from optical properties given in Table II suggested protective oxide layers initially existed on the unexposed films and were only slightly increased by the exposure. Increases in oxide thickness were observed on two Nb films except the thinner film indicated a larger change, perhaps as a result of being at a higher temperature due to greater absorption of solar radiation. Optical heterodyne measurements of the rms surface roughnesses listed in Table II showed slight smoothing of all surfaces except those of tungsten and 6-nm Pt/Os. This is opposite to the rough textures produced on heavily etched materials. Optical heterodyne measurements of unexposed and exposed iridium are shown in Figs. 4 and 5, respectively.
Most carbonaceous surfaces exposed to appreciable oxygen atom flux in orbit have been heavily etched (as shown in Fig. 1 ) and roughened, often with a spikeshaped structure (as shown in Fig. 2 ). The material shown in Figs. 1 and 2 is poly(bis-allyldiglycolcarbonate) (CR-39), a plastic of high optical quality used for windows and lenses. Direct exposure of such materials to the orbital direction can be expected to destroy optical surface properties.
Pure carbons were heavily etched with diamond being the least affected. The diamond surface exposed was an octahedral face of a natural stone. An etch depth of 75 nm was observed (5% of that with graphite), but the exposed surface was left coated with a greyish-white solid much softer than diamond. This was not considered to be contamination from an external source, since adjacent surfaces were not similarly coated. While the surface has not been characterized, there are similarities with those obtained by the action of oxygen on diamond at elevated temperatures. While true reversion of diamond to graphite occurs above 1800 K in inert atmospheres, a black coating can form at -900 K when oxygen is present. 2 4 The nature and composition of this coating are unclear. In the present case, however, we observe that the coating cannot be normal graphite, which is much more reactive to atomic oxygen than diamond. Characterization of diamond surfaces exposed to activated oxygen in the laboratory 2 5 has shown at least a two-monolayer uptake of oxygen, probably in the form of carbonyl (=C=O) and ether linkages (C-O-C).
It appears that these residues cover the diamond surface and partially inhibit further oxidation. A unique form of white carbon has also been reported 2 6 which indicates that forms other than clear diamond and black struc- tures may be possible with pure carbon. Scattering from a rough topography is another possible source for the coloration. The diamond flown was too small to permit optical measurements, but microscopic examinations indicated significant damage which would be expected to increase absorptance and scattering. Vitreous carbon and edge and basal crystalline planes of graphite were heavily etched with different topographies. The surfaces of vitreous carbon exhibited grasslike spikes. The graphite surfaces with exposed basal planes were roughened to a lesser degree, producing an orange-peellike texture, while the edge orientations developed accentuated striated structures. Silicon did not appear to be affected. It should be noted that the stable layer of SiO 2 on silicon in air is one of the thinnest oxide coatings and probably one of the most protective against oxygen attack. 2 7 Germanium was slightly discolored, and ellipsometric measurements indicated a film of 159-nm thickness with index n = 1.53 existing on the exposed portion. No distinguishable step was measured on the Ge sample with the stylus, however. One form of GeO 2 (tetra) has a mass density of 6.239 g cm- 3 , which is greater than the density of Ge (5.35 g cm- 3 ). Stoichiometric production of this oxide should have resulted in the production of a step of 11-nm height. Excessive spacing between the sample and knife-edge mask may have produced such an ill-defined step so that detection was not possible on this bulk sample.
The oxide discoloration on an OFHC copper disk was very slight, and a step height of -3.5 nm was measured. No effect was measured on a polished tungsten carbide sample.
We have also observed that etching in orbit is very sensitive to certain contaminants overlying the reactive materials (silicones over carbon, for example). Figures 6 and 7 show the effect on a carbon sample of an invisibly thin film deposited by outgassing from a nearby elastomer sealant used in an electrical feedthrough. Line-of-sight deposition from this point source of contamination created a shadow of the sample holder on the carbon sample. The contaminated area was not etched and remains reflective, while the area shadowed from contamination was heavily etched. Other features were created by a screen placed above this sample and by a resolution mask pattern of -200-nm thick protective niobium film. A stylus profilometer trace across the surface is shown in Fig. 7 . The screen produced a grid pattern by shadowing the contaminant. Attempts to measure the contaminant deposited as a screen pattern on the niobium surfaces were unsuccessful down to noise levels of 20-30 nm for the profilometer traces on these particular surfaces, suggesting that the contaminant was thinner than this. Also, no interference colors from the contaminant were visible.
IV. Discussion
We have also reported 4 temperature-dependent reaction rates observed for the etching in orbit which correspond to low activation energies (1-2 kcal/mole). The effects reported here are for ambient tempera- tures which were expected to be between 273 and 300 K; however, variations in film thickness, substrates, heat sinking, and solar radiation conditions could modify actual temperatures, as suggested by different oxide thicknesses observed on two different thicknesses of niobium. Thin films of osmium should not be used in low earth orbit if they will be exposed directly to the oxygen atom beam. Surfaces in more protected locations have been shown to survive, 2 8 but the effects of reflected oxygen atoms are as yet poorly understood. Even if osmium surfaces are not totally removed, mirror performance may be degraded by changes in surface topography on the microscopic scale.
Physical removal of films by momentum imparted from collisions with the incident atoms (sputtering) rather than by chemical reactions was studied by examining gold. Gold sputters with relatively high yields and is not reactive with oxygen. Thin film gold samples showed no permanent change in optical density between exposed and shielded portions. In this case, the sensitivity of the transmission measurement was -2.5 nm or ten monolayers of gold. Assuming 1.5 X 10 15 -atoms cm-2 /gold monolayer, an upper limit of 5 X 10-5 is obtained for the sputtering yield for 5-eV oxygen atoms incident on gold. This very small upper limit on physical sputtering yield resulting from 5-eV oxygen atoms bombarding gold is in agreement with our previous findings and the results of Colligon and Bramham for N+, Ne+, N 2 +, and Ar+ bombarding gold at low energies. 2 9 Contamination cleaning and sputtering in orbit were reported by McKeown and Corbin. 3 0 While graphite-epoxy and other carbonaceous composites may still be used for optical benches and other structural elements, mass loss and surface roughening are to be expected where the surface is exposed to atomic oxygen.
Growth in oxide film thickness on the exposed portions was observed for metals of Al, Ni, W, and Nb which are stable in dry air. The effect may not be important at visible wavelengths, and in any event such optics are usually coated with MgF 2 , which appears resistant to atomic oxygen. There are, however, important exceptions to this. For example, x-ray optics may not be coated with light-element protective films. The growth of an oxide film on a surface under these conditions should be examined for any particular application in terms of the total oxygen fluence expected at the optic.
Iridium is comparable to osmium in density and has potential applications for grazing incidence x-ray optics. Although we have not made x-ray measurements on our exposed surfaces, the similar rms roughnesses before and after exposure suggest that such use is not denied by topographic changes. The small film loss observed from the iridium sample is being investigated further.
The smoothing effect observed on lightly oxidized metal films may indicate a mechanism for reducing scatter at optical surfaces in applications where scatter is critical.
V. Conclusions
Reactive effects in orbit have been described which could degrade the performance of optical systems.
These effects are of relatively simple origin and associated with orbiting objects interacting with ambient atomic oxygen. Chemical changes and surface roughening effects can contribute to optical surface degradation. Deposited particles and contaminants can modify the observed results. Most of these problems can be controlled by selection of materials and operational procedures and by use of protective overcoatings where necessary and acceptable. Potentially beneficial effects have been noted.
Polydiacetylenes are another variety of conjugated polymers that cannot be doped readily. Because of the possibility of control of their morphology, these polymers are potentially useful optically active materials. They can be synthesized as large relatively defectfree single crystals, souble macromolecules, or gels in optically inert solvents. As a wideband conjugated polymer, they possess extremely large and fast nonlinear electronic susceptibilities inside a relatively large optical gap of -2 eV. They are clearly the potential candidates for use in integrated optics. In this volume there are only a few contributions on these materials of interest to the readers of Applied Optics.
The remainder of the book consists of a few short overviews, a few scattered contributions on the applications of polymers in the electronics industry, and a few papers on related scientific issues. I found the overviews too limited in their scope to be of interest to a general reader. The application notes are interesting and are among a limited number of studies of its kind that one finds in print. Perhaps as the field matures and enters the domain of technological viability, we shall see more critical evaluations of these novel electronic materials. As is, the book covers primarily the issues of interest to the scientific community directly involved with the field. 
This book comprises the Proceedings of the Third European
Conference on Integrated Optics held in Berlin, 6-8 May 1985 . It contains a collection of forty-one short contributed papers and five invited papers, three of which are fairly lengthy and detailed. The printing was done from camera-ready manuscripts. Because of the desire to have the book printed in time to be available as a conference digest, some submittals show evidence of hasty assembly, with resultant typographical errors or omissions. Nevertheless, for the most part, the papers are clear and free from glaring flaws.
As signaled in the editors' Preface, the general subject categories are technology, materials, nonlinear optics, and components. Russia.
As with almost any conference, there were a number of excellent papers describing better than average work and/or imaginative ideas; and then there were a few that were somewhat less than impressive. I shall concentrate briefly on the former, although not all the good papers will be included for lack of space. B. K. Nayar describes a useful, simple, and inexpensive technique for modulating monomode filbers by a controllable overlay index medium.
Step-index microlenses formed in soda lime glass by silver-ion exchange are impressively demonstrated by B. G. Pantchev and co-workers. I. Ben-David and collaborators describe an inexpensive laser beam photolithographic technique using a precision movable substrate to achieve 1-Am detail. Single-and doublelayer YIG monomode guides for isolators and circulators, well matched to fibers, using LPE processes are described by E. Pross 
